AND CONCLUSIONS
1. The activity of single motor units was recorded in the first dorsal interosseus muscle of human subjects while they performed an isometric ramp-and-hold maneuver. Motor-unit activity was characterized before and after fatigue by the use of a branched bipolar electrode that was positioned subcutaneously over the test muscle. Activity was characterized in terms of the forces of recruitment and derecruitment and the discharge pattern. The purpose was to determine, before and after fatigue, whether motor-unit activity was affected by the direction in which the force was exerted.
2. Regardless of the task during prefatigue trials, inter-impulse intervals were 1) more variable during increases or decreases in force than when force was held constant at the target value (4-6% above the recruitment force), and 2) more clustered around an arbitrary central value than would be expected with a normal (Gaussian) distribution.
Both effects were seen during the flexion and abduction tasks. The behavior of low-threshold motor units in first dorsal interosseus is thus largely unaffected by the direction of the force exerted by the index finger. The absence of a task (i.e., a direction of force) effect suggests that the resultant force vector about the metacarpophalangeal joint of the index finger is not coded in terms of discrete populations of motor units, but, rather, it is based on the net muscle activity about the joint.
3. Motor-unit behavior during and after fatigue showed that the relatively homogeneous behavior seen before fatigue could be severely disrupted. The fatiguing protocol involved the continuous repetition, to the endurance limit, of a 15-s ramp-and-hold maneuver in which the abduction target force was 50% of maximum and was held for 1 O-s epochs (ramps up and down were ~2 s each). Motor-unit threshold was assessed by the forces of recruitment and derecruitment associated with each cycle of the fatigue test. Changes in recruitment force during the protocol were either minimal or, when present, not systematic. In contrast, the derecruitment force of all units exhibited a marked and progressive increase over the course of the test.
4. After the fatigue test, when the initial threshold tasks were repeated, the behavior of most motor units changed. These changes included the derecruitment of previously active motor units, the recruitment of additional motor units, and an increased discharge variability of units that remained recruited. The variation in recruitment order seemed to be much greater than that reported previously for nonfatiguing conditions. For those units that remained recruited, the forces of recruitment and derecruitment were largely unaffected, whereas discharge rates were generally slower and more variable. Despite several dominant fatiguerelated effects, a significant feature of the data was the diversity of responses exhibited by motor units. These low-threshold units of first dorsal interosseus were not affected by the fatigue test as a homogeneous population, but, rather, they exhibited a wide range of adaptations.
INTRODUCTION
For at least 50 years, we have known that the activation of motor units can be described by the orderly recruitment phenomenon (Denny-Brown and Pennybacker 1938) . Considerable evidence suggests that the pattern of motorunit recruitment is determined by spinal mechanisms (Burke 1987; Gustafsson and Pinter 1985; Liischer et al. 1979) , thereby relieving higher centers of the need to be concerned with some of the details associated with the execution of the motor performance (Henneman et al. 1974 ). There has been much interest in identifying both the determinants of a recruitment pattern (e.g., Burke 198 1; Henneman and Mendell 198 1) and the limits of operation of a particular recruitment pattern (e.g., Datta and Stephens 198 1; Desmedt and Godaux 198 1; Garnett and Stephens 198 1; Kanda et al. 1977; Smith et al. 1980) . This paper addresses the general issue of the reliability of an activation pattern by examining the behavior of single motor units when a muscle contributes to different tasks and after the muscle has been fatigued.
Since the formulation of the Size Principle (Henneman 1957), investigators have attempted to identify experimental conditions that alter an expected recruitment order. In general, alterations in recruitment order have been observed in three types of experiments: 1) an abnormal excitation of motoneurons by repetitive electrical activation of selected structures in the motor cortex, red nucleus, Dieters' nucleus, and sural nerve; 2) variations in afferentinput conditions; and 3) the involvement of a muscle in different motor tasks (for review: Stuart and Enoka 1983). The latter condition, variable task requirements, may represent the most common cause for alterations in recruitment order that is encountered by the motor system. Seyffarth (1940) and Denny-Brown (1949) were among the first to suggest that the firing patterns of motor units were dependent on whether the muscle, such as biceps brachii, was functioning as a prime mover or as a stabilizer. This possibility has been substantiated by reports of variations in recruitment order among the motor units of rectus femoris for the tasks of thigh flexion versus upper leg rotation (Person 1974) , among the motor units of abductor pollicis brevis during abduction-adduction versus flexionextension (Thomas et al. 1978) , and among the motor units of extensor digitorum communis during wrist extension versus individual and combined extension of the fingers (Thomas et al. 1978) . Furthermore, Denier van der Gon and colleagues have provided convincing evidence that the behavior of motor units in biceps brachii depends 1344 0022-3077/f@ $1 SO Copyright 0 1989 The American Physiological Society not only on the task but also on the anatomic location of the motor unit in the muscle (Denier van der Gon et al. 1985; ter Haar Romeny et al. 1982 , 1984 . In contrast to these observations, measurements of recruitment force, recruitment order, twitch size, and contraction time of motor units in first dorsal interosseus have indicated that task-related alterations in the expected recruitment order occur infrequently in this muscle, in less than -8% of the observations (Desmedt and Godaux 198 1; Thomas et al. 1986; Thomas et al. 1978) . However, these analyses have not included a detailed consideration of motor-unit behavior, such as the potential effects of task direction and fatigue on patterns of discharge.
The behavior of a motor unit is known to be profoundly influenced by its activation history. One convincing example of these effects is the adaptation that occurs in motorunit discharge during a sustained contraction. Several groups have shown that, under such conditions, there is a fatigue-related decline in motor-unit discharge (BiglandRitchie et al. 1983b; Grimby et al. 198 1; Gydikov and Kosarov 1974) . Bigland-Ritchie and colleagues (BiglandRitchie et al. 1983a (BiglandRitchie et al. , 1986 Woods et al. 1987) to focus on the contribution of first dorsal interosseus to the abduction and flexion forces about the metacarpophalangeal joint of the index finger. Data on the right are from the threshold task when force was exerted in the flexion direction. ports have appeared previously (Enoka et al. 1987; Kossev et al. 1987 ).
METHODS
Six human subjects (2 l-55 yr of age) gave their informed consent for participation in the study. The experiments were performed on the first dorsal interosseus muscle of the left hand of the subjects. First dorsal interosseus is a bipennate muscle with a central tendon and fibers arising from the ulnar aspect of metacarpal I and the radial aspect of metacarpal II and inserts, on the radial side, into the metacarpophalangeal joint capsule and the base of the proximal phalanx of the index finger (Brand 1985; Landsmeer 1965; Valentin 198 1) . The fibers from metacarpal II have a uniform length of 1.6 cm, whereas the fibers from metacarpal I vary from 2.5 to 3.5 cm, with an average of 3.1 cm (Brand et al. 198 1) . As a result of this arrangement, first dorsal interosseus is the only muscle to exert an abduction force on the index finger, but it is one of several muscles to exert a flexion force about the metacarpophalangeal joint of the index finger (Eyler and Markee 1954; Garnett and Stephens 198 1; Landsmeer 1965) . First dorsal interosseus does not contribute to extension of the interphalangeal joints (Brand 1985; Valentin 198 1) . Based on cadaver estimates (n = 12; 22-54 yr), first dorsal interosseus comprises -119 motor units, with an average of 340 muscle fibers in each motor unit (Feinstein et al. 1955) . The present studies concern 1) the normal discharge characteristics of motor units when the index finger exerts a force in either the abduction or flexion direction, and 2) fatigue-induced changes in the same discharge characteristics.
Mechanical recording
The study was conducted with the subjects in a seated position. The left arm was abducted to a horizontal plane so that the hand and forearm were pronated and resting on a manipulandum, the elbow joint was at about a right angle, and the upper arm was in a frontal plane (Fig. 1) . The forearm and hand were immobilized in the manipulandum by several restraints: 1) a forearm strap; 2) a support for the thumb that held the angle between metacarpals I and II at -1 .O rad; 3) a strap over fingers II-IV; and 4) a brace that minimized flexion at the metacarpophalangeal joint of the index finger. Furthermore, the index finger was placed in an individualized mold (polyvinyl silicone) and strapped to an L-shaped aluminium bar that was positioned along the radial and palmar surfaces of the finger and kept the interphalangeal joints extended. The hand was placed in the manipulandum so that the proximal interphalangeal joint was aligned with the two force transducers (Sensotec model 13; capacity 220 N). The aluminum bar served as an interface between the finger and the transducers so that one transducer sensed the abduction force and the other sensed the flexion force. The signals from both transducers were displayed on an oscilloscope and recorded on analog FM tape (bandwidth DC-10 kHz). held the target force for 10 s, graded the force back to 0, then repeated this sequence until the target force could no longer be attained. This subject used a target force of 12 N and was able to perform 9 cycles of the fatigue test. B: variation in the subcutaneous EMG associated with the gradation of force. When the force approached 0, it was possible to determine the force at which the unit was derecruited and subsequently the force at which it was recruited.
Electrical recording
These decisions were made from chart records that displayed the data with a much faster time base (100 mm/s) than that shown in the figure (10 mm/s). been described previously (Enoka et al. 1988) . Briefly, a branched bipolar electrode was inserted between the skin and the fascia of first dorsal interosseus. The electrode consisted of two stainless steel, Formvar-insulated wires (50 pm) that had the insulation removed circumferentially in three equidistant bands. Each band was -100 pm across and 1 mm from an adjacent band. Two bands were on one wire, the so-called "branched"
wire (Gydikov et al. 1986) , and the third band was on the other wire but located longitudinally between the two bands on the branched wire. The bands were -10 cm from the end of the wires. The electrode was inserted with a 25gauge needle over the proximal end of first dorsal interosseus and oriented so that it was perpendicular to fibers arising from metacarpal I. The needle penetrated the skin in two places so that the electrode was located under the skin for -2-3 cm. The subcutaneous track was approximately parallel to metacarpal I. Once inserted, the needle was removed, and both ends of the electrode remained outside the skin, whereas the uninsulated region (i.e., the three bands) was subcutaneous and lying over first dorsal interosseus. Given this arrangement, it was possible to carefully maneuver the electrode to optimize the isolation of a single motor unit.
The branched bipolar electrode, which had an impedance in the range of 0.74-2.08 MS2 at 100 Hz and 0.16-0.48 Ma at 1 .O kHz, was used to measure the potentials of isolated motor units. and data on the right are from a trial when force was exerted in the flexion direction. For the abduction trial, recruitment force was 6% of maximum, the target force was 8% of maximum, the derecruitment force was 8% of maximum, and force increased and decreased at a rate of 3% of maximum/s. For the flexion trial, recruitment force was 5% of maximum, the target force was 8% of maximum, the derecruitment force was 8% of maximum, and the force increased and decreased at a rate of 3% of maximum/s. Maximum force was 2 1 N in the abduction direction and 27 N in the flexion direction.
Bottom: spike-triggered average (n = 64) of the potential as recorded by the subcutaneous electrode during several trials in each direction. Similarity in the shape of the averaged potential confirms that the same motor unit was examined in the 2 directions. Furthermore, the subcutaneous EMG records show that the behavior of the motor unit (i.e., recruitment force, discharge rate, and derecruitment force) was similar when force was exerted independently in the two directions.
The signal from the electrode was amplified (2,500-10,000X), led through a band-pass filter (300 Hz-10 kHz; roll-off at 48 dB/octave), displayed on an oscilloscope, and stored on analog FM tape. The amplitude of the motor-unit potentials was in the range of 0.04-0.49 mV. Identification of a single motor-unit potential was based on waveform shape, as seen on-line with a waveform digitizer (5 ms/Div.). Once identified, the potential of a single motor unit was discriminated (BAK DIS-l), and the logic pulse was led to an audio unit for an on-line account of the discharge of the unit.
A monopolar surface electrode (4-mm diam; silver-silver chloride) was fixed over the belly of first dorsal interosseus to provide a global record of the EMG activity in the muscle. The reference electrode was placed on the dorsolateral aspect of the hand. Similarly, a bipolar surface electrode @-mm diam; silver-silver chloride) was placed on the ulnar side of the forearm to measure the EMG activity of the muscles, principally flexor digitorum, involved in flexion of the wrist and fingers. Because these muscles provide the major flexion force exerted by the index finger, the purpose of this signal was to provide a global EMG record that could be compared qualitatively to the surface EMG for first dorsal interosseus (Fig. 1 ). Both surface EMG signals were bandpass filtered ( 10 Hz-10 kHz), displayed on an oscilloscope, and stored on analog FM tape.
Experimental procedures
Although the protocol simply involved the isometric gradation of force exerted at the proximal interphalangeal joint of the index finger, it was necessary for subjects to participate in several practice sessions to achieve a high degree of accuracy in the prescribed tasks. All tasks involved the ramp increase in isometric force to some prescribed target, maintenance of the target force for several seconds, and the ramp decrease in force back to base line. Subjects were instructed to match the rate of change in force for the ramp increase and decrease in force.
The goal of the practice sessions was to familiarize the subjects with both the timing and the performance criteria for each task. 14.5 -t 6.8 (5-34) 6.9 k 6.6 (O-28) 3.9 k 2.6 (1-13)
Values are means k SD with range in parentheses and represent the force and rate of change in force exerted at the proximal interphalangeal joint of the index finger. First dorsal interosseus is the only muscle that contributes to the abduction force, whereas it is one of several that contributes to the flexion force. The % (relative)
values are expressed as a percentage of the maximum force. These data were derived from 26 experiments, each of which involved at least 2 maximum-force and 7-12 threshold trials in both the abduction and flexion directions. lasted -2 s, whereas target force was maintained for -3 s. Subjects were instructed to employ similar rates for the increase and decrease in force. Furthermore, because the time between trials
Because several trials of each task were performed (n = 2-12), it can influence recruitment force (Denier van der Gon et al. 1985) , was critical that the temporal aspects of each performance re-subjects rested 5-30 s between trials to minimize history-depenmained as consistent as possible. The timing of each task was dent effects. based on a verbal count (spaced at 1 -s intervals) given by one 3) Fatigue test. In the course of prescribing a fatigue test that investigator. The performances elicited by this procedure proved would enable us to address the aims of the study, we considered reliable enough to meet the aims of the study. The behavioral several designs that ranged from a sustained maximum voluntary requirements included the unfamiliar criteria of functional isolacontraction to a series of low-force, rhythmic contractions. Our tion of the test muscle and the exertion of force in a single desired choice was an intermediate task that would induce fatigue within direction (i.e., abduction or flexion). During each experiment, a few minutes and would allow us to monitor a functional index one investigator provided the count for each task, another of motor-unit excitability (viz. forces of recruitment and derewatched for functional isolation of the test muscle, and a third cruitment) as the muscle became fatigued. To this end, the submonitored the two force signals. The subject was informed of the jects performed a cyclic ramp-and-hold task, without rest between extent to which the performance met the experimental criteria. cycles, with abduction force held at 50% of maximum for 10-s Trials that did not meet these criteria were discarded. epochs ( Fig. 24 . The task required that the abduction force be The following three ramp-up, hold, ramp-down tasks were carefully graded up to the target value and back to base line used:
(taking -2 s each), so that the magnitude of the rate of change in These data indicate that the relative force at which a unit was recruited and derecruited during the threshold task was related for the 2 directions of the task. hold, ramp-down threshold task. Zero time is represented twice at the transition points between the ramp portions of the threshold task and the target force. For abduction, maximum force was 37 N, recruitment force was 3 t 1% of maximum, rate of increase in force was 2 + 0% of maximum/s, target force was 14% of maximum, derecruitment force was 4 -+ 2% of maximum, and rate of decrease in force was 1 of: 0% of maximum/s.
For flexion, maximum force was 45 N, recruitment force was 8 t 3% of maximum, rate of increase in force was 3 + 1% of maximum/s, target force was 2 1% of maximum, derecruitment force was 1 t 1% of maximum, and rate of decrease in force was 2 -t 0% of maximum/s.
For both abduction and flexion directions, the average derecruitment force was less than the recruitment force and there appeared to be no systematic variation in interimpulse interval.
processes rather than rate-dependent effects. Most subjects were able to perform 10-20 cycles before the test was terminated.
The effect of task (i.e., abduction vs. flexion) on fatigue-test performance was studied in three subjects (Table 1) . They performed the fatigue test, in a blind design, twice on two different days. On one day, the subjects performed, on average, 11.2 cycles of the test in the abduction direction until the abduction endurance limit was reached and then immediately were able to do 5.1 cycles of the test in the flexion direction before reaching the flexion endurance limit. On the other day, the order was reversed, and the criterion was again the endurance limit in each direction. On this occasion, the subjects performed an average of 12.2 cycles in the flexion direction followed by 4.3 cycles in the abduction direction. It is apparent in Table 1 that the reduction in maximum force was similar in both directions after a single fatigue test (viz. -19.3 vs. --21.2, --28.2 vs. -29.9, --25.3 vs. -22.4, and -27.3 vs. --3 1.4% of maximum). In addition, although the endurance limit was assessed subjectively (i.e., failure of the subject to maintain the target force), the number of fatigue-test cycles that were needed to meet this criterion was similar for all three subjects. Because subject performance was similar regardless of task, abduction was arbitrarily chosen for the fatigue test.
The overall experimental protocol involved the performance of the maximum-voluntary-force and the threshold-force tasks before and after the fatigue test. Subjects performed two trials of the maximum voluntary contraction in each direction. If the maxima in these two trials were not within 5% of each other, a third trial was performed. Brief rest periods were given between each trial. Next, the subject did 7-12 trials of the threshold task, first in the abduction direction and then in the flexion direction. Based on the audio signal of motor-unit discharge during contiguous trials, it was possible to define rest intervals for the threshold task that minimized the effects of repetitive activity. In contrast, the goal of the fatigue test and the subsequent threshold-and maximumforce trials was to determine the effect of prior repetitive activity on the recruitment force and the discharge characteristics of the motor unit. The fatigue test was performed until the endurance limit was reached, and then, with no rest periods, the subject repeated the threshold-and maximum-force tasks. The number, count, and target levels (i.e., absolute force) for the threshold trials after the fatigue test were the same as those before the fatigue test. To maintain fatigue in first dorsal interosseus, a few cycles (M = 2-6) of the fatigue test were repeated after every third trial of the threshold task. After the threshold trials, one maximum-force trial was done in each direction.
If the motor unit was not recruited during the threshold trials after the fatigue test, then another test was performed to verify that the electrode had not moved. Either the threshold task was repeated immediately and the target force gradually increased until the unit was recruited, or else the threshold task was repeated after the muscle had been allowed to recover for several minutes.
Data analysis
The force and EMG data stored on analog FM tape were replayed and recorded on a chart recorder (Gould ES-2000) that was operated at a paper speed of 100 mm/s. Because a single motor unit had been isolated during the experiment by the appropriate positioning of the subcutaneous electrode, it was possible to use amplitude discrimination for the identification of motor units on the chart paper. With the use of this method, the record provided a resolution of ~5 ms and 3% of the maximum voluntary force.
The following measurements were made from the chart record: 1) maximum-voluntary-abduction and flexion forces (IV); 2) recruitment and derecruitment forces (percent of maximum) for each motor unit during threshold trial; 3) rate of change in force (percent of maximum per second) during the increase and decrease in threshold force; 4) interimpulse intervals (milliseconds) during the threshold trials; and 5) recruitment and derecruitment forces (percent of maximum)
for each motor unit during the fatigue test.
Comparisons of motor-unit behavior before and after the fatigue test required not only maintained isolation of the single motor unit, but also similar pre-and postfatigue threshold performances. The extent to which each subject could satisfy the latter criterion was determined by comparing the magnitude of the target force and the rate of change in force in the two instances. All subjects were able to satisfy this criterion for most trials; unacceptable trials were discarded. The isolation of a single motor unit was regarded as secure when the shape of the action potential, as determined by spike-triggered averaging (e.g., Fig. 4 for averages during threshold tasks), was the same before and after the fatigue test. Each subject was afforded ample practice time before the day of the experiment to ensure a reliable performance.
Statistical tests included linear regressions, the KolmogorovSmirnov goodness-of-fit test, and measures of kurtosis and symmetry. Significance is reported at P < 0.05.
RESULTS

Efict of task on motor-unit behavior
After two to three training sessions, it was possible for all subjects to exert a force in one direction (e.g., abduction) while force in the other direction (e.g., flexion) was kept near zero (Figs. 1 and 4 ). Although it was also possible to meet this criterion while exerting substantial forces, subjects were permitted to exert small forces in the nontest direction during maximum-force trials because this tended to result in the greatest forces. The maximum voluntary force (mean +-SD) was usually less in the abduction direction (3 1 & 8 N) than in the flexion direction (4 1 t 10 N). The average ratio of the abduction force relative to the flexion force was 0.78 t 0.13 (range: 0.54-l .OO).
In the performance of the threshold task, force was slowly increased (3.0 and 3.9% of maximum/s for abduction and flexion, respectively) to the target value, held at the target for several seconds, and then slowly decreased (2.5 and 3.9% of maximum/s, respectively) back to base line ( Table 2 ). The target force was held for 4.02 t 1.22 s in the abduction task and 3.40 -t 0.59 s in the flexion task (Table 3 ). The average target forces were relatively low (9.9 Data are from the same motor unit shown in Fig. 6 . Based on the Kolmogorov-Smirnov goodness-of-fit test, neither of the distributions, as for all motor units in the study, were Gaussian (P < 0.000 1) because of varying degrees of kurtosis and skewness. Absence of a Gaussian distribution was present in both the abduction and the flexion directions. Flexion distribution was characterized by a marked kurtosis. Abduction: interimpulse interval statistics (median, mean t SD, and range) were 60 ms, 64.3 -t 14.8 ms, and 20-130 ms. Distribution (n = 450) was positively skewed (skewness = 0.907) and was more peaked (kurtosis = 1.845) than for a Gaussian distribution. Flexion: interimpulse interval statistics were 60 ms, 57.8 2 10.3 ms, and 40-130 ms. Distribution (n = 223) contained a marked positive skew (skewness = 1.555) and was substantially more peaked (kurtosis = 9.593) than normal. Because the most dominant feature of the distributions was the marked kurtosis, the data emphasize that the interimpulse intervals were more similar to the central value than might be expected based on a normal distribution. and 14.5% of maximum tively) and were set, on for abdu average, ction and at values flexion, respecof 4 +-3% (abduction) and 6 t 4% (flexion) of maximum above the recruitment force (i.e., the force at which the motor unit was recruited; Table 3 ) Subjects performed 5-l 2 trials of the threshold task in each direction.
A typical contribution of a motor unit to these isometric force-time profiles is shown in Fig. 4 . On the left are shown the forces (abduction and flexion), subcutaneous EMG, and averaged motor-unit potential during the performance of the threshold task in the abduction direction. The companion performa rice, force exerted in the flexion direction, is shown on the right side of Fig. 4 . The bottom traces in Fig. 4 are spike-triggered averages (n = 64) of the motorunit potential when force was exerted in each direction; the similarity in shape of the potential confirms that the same motor unit was examined in each task. This criterion was also used to ensure that the same motor unit was studied before and after the fatigue test.
BEHAVIOR DURING FORCE GRADATION.
Although the average recruitment force of motor units in the abduction direction was slightly less than that in the flexion direction (2.9%), this difference was at the limit of our measurement resolution. Similarly, a paired-sample analysis of derecruitment forces (Table 2 ) revealed no significant differences for the two directions. The force at which a motor unit was recruited in the abduction direction was a good predictor (Fig. 5) of the recruitment force in the flexion direction (r2 = 0,60, P < 0.05) and, similarly, derecruitment forces were significantly correlated for the two directions ( Fig. 5 ; r2 = 0.63, P < 0.05).
Because the target force was set above the recruitment force, the contribution of discharge rate to the increase in force above the recruitment value was examined by plotting interimpulse interval against time during the ramp-up and ramp-down phases of the threshold task (Fig. 6 ). For this motor unit, both in abduction and flexion, there appeared to be no obvious systematic variation in interpulse interval during the gradation of force over this range. Furthermore, displays of the data as joint-interval histograms (Fig. 1014) (Clamann 1969; Ivanova et al. 1986 ) indicated no unusual discharge patterns during this phase of the threshold task; that is, because the data in Fig. 1OA are distributed symmetrically about the line of identity, successive intervals are considered to be independent (Rodieck et al. 1962) . Because the average difference between recruitment force and target force was only 4% in the abduction task and 6% in the flexion task, most of the motor units exhibited the typical pattern shown in Fig. 6. BEHAVIORATTARGETFORCE.
Asindicatedin Figs. 1 and 3, visual feedback of the force signals on the oscilloscope made it possible for the subjects to reliably maintain the target force for several seconds (Table 3 )" The distributions of interimpulse intervals while force was maintained at the target level were analyzed with a Kolmogorov-Smirnov goodness-of-fit test. It was found that none of the distributions were Gaussian (P < 0.00 1) because of a greater degree affected by the fatigue test. Data show the discharge pattern of a single motor unit during the performance of the threshold task before (top 7 trials) and after (bottom 7 ha/s) the fatigue test. Action potentials were plotted with a computer graphics package. Target force for the threshold task was 15% of maximum; the maximum force was 3 1 N. Trials were aligned C---) at the instant that the target force was attained.
12N
L@ hit of each trial indicates the time when force began increasing from 0. Recruitment force was 12 + 3% of maximum before the fatigue test, and the derecruitment force was 7 + 3% of maximum before the fatigue test. '4lthough the force record in the middk of the figure was from 1 trial, the performance in all 14 abduction trials (i.e., before and after the fatigue test) was similar. It is apparent that, although the target force for the threshold task remained the same before and after the fatigue test, the contribution of a single motor unit to the task could be altered markedly. of kurtosis and a skew toward longer intervals (positive skew) than normal. These characteristics applied to the distributions associated with both the abduction and flexion directions (Fig. 7) . Statistical measures of kurtosis and skew indicated that the degree of kurtosis was the more prominent effect, which meant that the interimpulse intervals tended to be more clustered around a central value than would be expected with a normal distribution; that is, there was less variability in the interimpulse interval than would be expected with a normal distribution. Table 3 reports the mean interimpulse intervals (*SD; range) for the two directions while target force was maintained. These values are based on the averages of the 5-12 trials of the threshold task for each motor unit. On average, the interimpulse intervals were similar for the abduction (87 t 17 ms) and flexion (82 t 27 ms) directions (r* = 0.4 1, P < 0.05). For each motor unit, there was some variability in the interimpulse interval while force was maintained at the target level. As with the average values, this variability, as expressed by the coefficient of variation (mean t SD; range), was similar for the abduction (0.29 t 0.09; 0.15-0.49) and flexion (0.28 t 0.08; 0.18-0.4 1) directions. Although there were significant negative correlations between force difference (target force minus recruitment force) and mean interimpulse interval for both abduction (r = -0 43 P < 0 05) and flexion (r = -0.55, P < 0.05), this . association only accounted for 18 and 30%, respectively, of the variability in interimpulse interval.
Taken together, the data indicate that when the biomechanical features of the threshold task remained consistent for the two directions, the behavior of individual motor units was largely unaffected by the task; that is, whether the muscle acted as a prime mover (abduction) or as a synergist (flexion).
Efect offatigue on motor-unit behavior THRESHOLD CHANGES DURING THE FATIGUE TEST.
The data shown in Fig. 3 outline both the range of threshold forces observed in the study and the effects of the fatigue test on the forces of recruitment and derecruitment. Although the study primarily focused on motor units that were recruited at low forces (10 and 7% of maximum in Fig. 3A) , the fatigue-test data included some motor units that were recruited at higher forces (2 1 and 35% of maximum in Fig. 3B ). The force of recruitment tended to decrease slightly during the fatigue test for the low-force units and, although it did vary for the high-force units, this variation did not appear to be monotonic. In contrast, over the course of the fatigue-test, there was a marked increase in the derecruitment force of all units that were derecruited below the target force (Fig. 3) .
POST-FATIGUE
TEST CHANGES DURING THRESHOLD TASK.
Changes in motor-unit behavior during postfatigue threshold trials were not surprising given the changes found during the fatigue test. However, we did not anticipate the heterogeneity of post-fatigue test effects on motor unit behavior, which included the complete cessation of discharge, the recruitment of other units, and changes in the variability of di-scharge. The post-fatigue test database consisted of 27 tests of the threshold task on 15 motor units in the behavior of a motor unit that was minimally affected by the fatigue test. Data show the discharge pattern of a single motor unit during the performance of the threshold task before (top 7 trials) and after (bottom 7 trials) the fatigue test. Action potentials were plotted with a computer graphics package. Target force for the threshold task was 7% of maximum; the maximum force was 21 N. Trials were aligned (---) at the instant that the target force was attained. Left limit of each trial indicates the time when force began increasing from 0. Recruitment force was 3 + 1% of maximum both before and after the fatigue, whereas the derecruitment force was 6 f. 1% of maximum before the fatigue test and 7 * 1% of maximum after the test. For this motor unit, the recruitment and derecruitment forces during the threshold task were largely unaffected by the fatigue test.
abduction and flexion directions. For 10 of these tests, the motor unit exhibited the most extreme effect, cessation of discharge after the fatigue test, as shown in Fig. 8 . In the remaining 17 tests, motor-unit behavior was similar to that depicted in Fig. 9 . There were no significant differences in the threshold forces (5 t 3 vs. 7 t 3% of maximum, respectively) for the units that were derecruited after test compared with those that remained active.
the fatigue
For the unit shown in Fig. 8 , the absolute force exerted G. A. ROBINSON, AND A. R. KOSSEV by the proximal interphalangeal joint of the index finger cruited during the threshold task after the fatigue test. It is during the threshold task was essentially the same before unlikely that these newly recruited units simply appeared and after the fatigue test; the rate of force increase (mean t in the record because of electrode movement, because they SD) was 1.9 t 0.3 versus 2.0 t 0.3 N/s (before vs. after), the were evident in records containing other motor units target force was 4.7 t 0.3 versus 4.8 t 0.4 N, and the rate of whose action potentials had the same shape (as determined force decrease was 2.2 t 0.9 versus 2.2 t 0.6 N/s. Accomby spike-triggered averaging) before and after the fatigue panying this consistent performance of the threshold task test. was a markedly different contribution by the motor unit to In contrast to the marked effect of the fatigue test on the the task. Before the fatigue test, the unit was recruited at a discharge of some motor units (Fig. S) , there were other force of 3.7 t 0.9 N during the threshold task and dere-motor units that showed fewer changes (Fig. 9) . For the cruited at a force of 2.2 t 0.9 N; and the interimpulse example shown in Fig. 9 , the performance met the necesinterval was 81 t 29 ms during the 3.7 t 0.8 s that the sary criteria, and the force exerted at the proximal intertarget force was maintained. After the fatigue test, however, phalangeal joint of the index finger during the threshold the motor unit did not contribute to the task until trial 7, task was essentially the same before and after the fatigue when the muscle had experienced some recovery from the test; the rate of force increase was 0.6 t 0.2 versus 1.1 t 0.2 fatigue regimen. Although these absolute values for the N/s (before vs. after), the target force was 1.5 t 0.2 versus target force and the rate of change in force for the threshold 1.5 t 0.2 N, and the rate of force decrease was 0.4 t 0.2 task were similar before and after the fatigue test, the target versus 0.8 t 0.2 N/s. Furthermore, the average recruitment forces were actually a much greater proportion of the maxforce was 0.6 t 0.2 N both before and after the fatigue test, imum after the fatigue test. Average maximum abduction whereas the derecruitment force was 1.3 t 0.2 N before force after the fatigue test was 67% of the initial value, and 1.5 t 0.2 N after the test. Close inspection of the data whereas the final flexion force averaged 79% of the initial in Fig. 9 , however, suggests that although the forces of maximum. Furthermore, because these maxima were obrecruitment and derecruitment were unaffected by the fatained after the threshold task when some recovery from tigue test, the discharge pattern seems to have been altered. the fatigue test would have occurred, the actual maximum This effect is shown more clearly in a joint-interval histocapability of the muscle would have been even less during gram (Fig. 10) . Differences in the discharge pattern were the performance of the post-fatigue test threshold task. In quantified with measures of the distribution.
The mean t all instances involving the cessation of discharge, however, SD of the interimpulse interval when force was at the target the motor unit was recruited again after -15 min of recovvalue was 75 t 37 ms (n = 324) before the fatigue test and ery or when the target force was raised 3-10% of maximum 112 t 8 1 ms (n = 257) after the fatigue test. Based on a above the value used before the fatigue test. Furthermore, Kolmogorov-Smirnov goodness-of-fit test, both distribuaccompanying the motor units that ceased discharge durtions (Fig. 10, A and B) were found to be non-Gaussian ing the post-fatigue test threshold task, there were other (P < 0.0001). However, the two distributions were also units that were silent before the fatigue test but were re-significantly different (P < 0.000 1; Kolmogorov-Smirnov of interimpulse intervals during the threshold task before and after the fatigue test. Data are limited to those units that were consistently active during the threshold task after the fatigue test and include both abduction (-) and flexion (---) trials. A: mean interimpulse intervals for 17 sets of trials ( 11 abduction and 6 flexion) before and after the fatigue test. Each set of trials consisted of 7-12 performances of the threshold task. Mean interimpulse interval increased significantly (P < 0.05) in 14 out of the 17 instances after the fatigue test. For 2 sets of trials (identified with + on the right side of the graph), the mean interimpulse interval decreased significantly after the fatigue test; the mean values went from 120 to 92 ms and 88 to 78 ms. For the other 2 sets of trials (identified with + on the L& side of the graph), the mean interimpulse interval was not significantly different before and after the fatigue test: 85 vs. 89 ms and 88 vs. 8 1 ms. B: coefficients of variation for the 17 sets of trials before and after the fatigue test. In 10 of these 17 sets of trials, there was a marked increase in the coefficient of variation after the fatigue test. For these units that remained consistently active during the threshold task after the fatigue test, the most common response was an increase in the mean interimpulse interval and an increase in the coefficient of variation.
2-sample test and x2 test) to each other, largely because of a greater kurtosis (3.76 vs. 0.48) in the pre-fatigue test distribution. The greater kurtosis is apparent in the joint-interval histogram by less dispersion in the values (Fig. 10 , A vs. B). Both distributions exhibited similar amounts of positive skew (1.6 1 and 1.02 for before and after, respectively). The typical behavior of units that were consistently active during the threshold task after the fatigue test was similar to that shown in Figs. 9 and 10 and is characterized in Fig. 11 . The data compare 17 sets of trials before and after the fatigue test-11 sets in the abduction direction and 6 in the flexion direction. Each set consisted of 5-12 performances of the threshold task. In 14 of these 17 sets, the mean interimpulse interval increased significantly (t test, P < 0.05) after the fatigue test (Fig. 1 IA) . For two sets of trials, the mean interimpulse interval decreased significantly from 120 to 92 and 88 to 78 ms, respectively. For the other two sets of trials, the mean inter-impulse interval was not significantly different before and after the fatigue test (85 vs. 89 and 88 vs. 8 1 ms). Accompanying these changes in the mean interimpulse intervals were increases in the variability of discharge after the fatigue test (viz. Fig. 10 ). This is shown in Fig. 11B by the marked increase in the coefficient of variation after the fatigue test for 10 of the 17 sets of trials. Although the correlation between interimpulse interval and coefficient of variation was not signifitest had a minimal effect on the forces of recruitment and derecruitment of the units that were active during the threshold task. The recruitment force of these units ranged from 2 to 12% of maximum, and the derecruitment force ranged from 1 to 14% of maximum. For only 1 of the 17 sets of trials shown in Fig. 11 was the mean recruitment force significantly different (5% increase) after the fatigue test. Furthermore, only for 6 of the 17 sets was the derecruitment force significantly different (4-6% increase) after the fatigue test. Thus, for units that remained active during postfatigue threshold trials, the data suggest that I) their mean firing rates decreased; 2) their firing patterns were more variable; and 3) their thresholds for recruitment and derecruitment were generally unchanged.
Taken together, the fatigue data demonstrate that although the absolute forces of the threshold task remained the same before and after the fatigue test, the contributions of low-threshold motor units to the task were variable, including the derecruitment of some units, the recruitment of other units, an increased variability of discharge, and a decrease in the average discharge rate. There were, however, some units that had a similar average discharge rate before and after the fatigue test and other units that exhibited an increase in discharge rate. DISCUSSION cant before fatigue (r2 = O.OS), after fatigue a significant proportion of the variability in discharge was explained by Pre-jdigue behavior changes in interimpulse interval (r2 = 0.38, P < 0.05).
These observations on motor-unit activity relate to preIn contrast to these effects on discharge rate, the fatigue vious studies in at least three respects: the control of activ-R. M. ENOKA, G. A. ROBINSON, AND A. R. KOSSEV ity when force is exerted in different directions, the gradation of force, and discharge characteristics during steady state force. We will consider each issue separately.
DIRECTIONEFFECTS.
A main finding was the similarity in behavior of individual motor units in first dorsal interosseus during the threshold task when force was exerted either in abduction or in flexion. The data indicate that at these submaximal, relative (to maximum) forces, the control of motor-unit activity is independent of the task (i.e., prime mover vs. synergist) performed by the muscle.
Based on the measurement of recruitment force, twitch tension, and the rank order of recruitment, Thomas et al. (1986) also concluded that the control of individual motor units in first dorsal interosseus was essentially independent of the direction in which the muscle exerted a force. Desmedt and Godaux ( 198 1) similarly found a significant correlation between twitch tension and recruitment force among the motor units of first dorsal interosseus for both the abduction and flexion directions. In both studies (Desmedt and Godaux 198 1; Thomas et al. 1986) , there was some variability in these relationships, but the general conclusion, based on recruitment force, twitch tension, and recruitment order, was that when first dorsal interosseus exerted a force in different directions, the control strategy for the motor units (i.e., the force and order of recruitment) was relatively similar. Our data add information on discharge rate and allow us to confirm the absence of a direction effect among the motor units of first dorsal interosseus when the muscle exerts low levels of force.
The surprising aspect of these observations is the degree of coupling in motor-unit behavior, given the relative contribution of first dorsal interosseus to force in each direction. In the abduction direction, first dorsal interosseus is the only muscle to contribute to the force: it is the prime mover. In the flexion direction, however, first dorsal interosseus assumes the role of a synergist as it assists the lumbricals and flexor digitorum (profundus and superficialis) with the flexion force. The contribution of first dorsal interosseus to the flexion force may be minimal with the finger in the test position (i.e., extension of the metacarpophalangeal and proximal interphalangeal joints). Based on preliminary data from another project, it seems that immobilization-induced atrophy of first dorsal interosseus causes a decline in the maximum voluntary abduction force but not the maximum flexion force (Robinson and Enoka, unpublished observation). The absence of an effect on the maximum flexion force suggests that the contribution of first dorsal interosseus to this force is relatively minor. In a similar vein, Thomas et al. (1986) reported that the averaged twitch tension for each motor unit was considerably reduced (= 50%) when force was exerted in the flexion direction compared with twitch tension in the abduction direction. However, based on a series of nerve and muscle blocks with lidocaine, Ketchum et al. (1978) found that the intrinsic hand muscles (i.e., interossei and lumbricals) contributed 73% of the flexion force about the metacarpophalangeal joint of the index finger. Similar proportions have been reported by others (Landsmeer and Long 1965; Long et al. 1960) . Although these observations suggest some uncertainty about the relative contribution of first dorsal interosseus to the flexion force, it is apparent that it is one of several muscles that contributes force during flexion and the only muscle that contributes to abduction.
GRADATIONOFFORCE.
Milner- Brown et al. ( 1973) examined the interplay between recruitment and discharge modulation in the gradation of force by first dorsal interosseus and concluded that, at low forces, recruitment was the more dominant mechanism. In our study, motor-unit behavior during the gradation of force was characterized by the forces of recruitment and derecruitment and the temporal variation in interimpulse interval. Our observations on the interimpulse intervals during the threshold task indicate that, although variability was greater when force was being graded (Fig. 6) , the variation was not systematic. This lack of a controlled variation in interimpulse interval suggests, as concluded by Milner-Brown et al. (1973) that motor-unit recruitment was the more dominant mechanism for the gradation of force at these low forces.
Another feature of force gradation that has received attention has been the relative contribution of a motor unit to the increase and decrease in force; that is, the magnitude of the recruitment force relative to the derecruitment force. Several investigators have reported that the force at which a motor unit is derecruited is usually greater than the force at which the unit is recruited. This asymmetry has been reported previously for motor units in first dorsal interosseus (Freund et al. 1975) , supinator, and brachialis (Denier van der Gon et al. 1985) , but curiously the derecruitment force was generally lower for units located centrally and medially in biceps brachii (Denier van der Con et al. 1985) . Our data on first dorsal interosseus indicated that the recruitment and derecruitment forces were about the same for the abduction direction but that the recruitment force was greater for the flexion direction (see also Desmedt and Godaux 198 1; Thomas et al. 1986 ).
DISCHARGE CHARACTERISTICS.
In addition to the variation in interimpulse interval associated with the gradation of force, the results of this study provided information on the discharge of motor units during constant, low levels of force. The average discharge rates were 11.5 Hz in abduction and 12.2 Hz in flexion, and these were associated with average target forces of 9.9 and 14.5% of maximum for abduction and flexion, respectively. These values are consistent with other reports on discharge rate in the literature at these force levels: adductor pollicis, 6-16 Hz (Kukulka and Clamann 198 1 The average discharge rates were accompanied by some variability that was characterized by a coefficient of variation of 0.29 (0.15-0.49) in this study and a range of 0.12-0.25 in another study on first dorsal interosseus (Freund et al. 1972) . To further characterize the variability, we examined the distributions of interimpulse intervals and found them all to be non-Gaussian because of increased kurtosis and skew. found a non-Gaussian distribution, but this was for a group of high-threshold motor units. Ivanova et al. (1986) observed two groups of low-threshold motor units that were distinguished on the basis of the absolute value of the interimpulse interval (mean values that were greater than or less than 100 ms) and the distributions of the interimpulse intervals (non-Gaussian and Gaussian respectively; see also Person and Kudina 1972) . No such distinction was found among our data. Although Freund et al. (1975) suggested that their distributions were approximately normal, their histograms (see their Fig. 6 ) appeared to have a greater amount of kurtosis than normal and to match our results (Fig. 7) . Consequently, our observation of a non-Gaussian distribution of interimpulse intervals during the period of constant force seems to be a common observation when appropriate statistical procedures are performed. Although the non-Gaussian distribution was because of an increase in both kurtosis and skew, it was dominated by the kurtosis effect. The increased kurtosis meant that the interimpulse intervals tended to be more clustered around a central value than would be expected with a normal distribution Given the rather stereotyped prefatigue behavior of the present sample of low-threshold motor units, it was expected that their behavior after the fatigue test would be similarly homogeneous because these units are reported to be fatigue resistant (Stephens and Usherwood 1977) . These expectations were addressed by examining two issues, the behavior of single motor units during a fatigue test and the effect of the test on the contribution of the units to the threshold task. For the first issue, we assessed the effect of the fatigue test on two functional indexes of motor-unit excitability, the forces of recruitment and derecruitment. Of the two parameters, the force of derecruitment exhibited the most consistent and marked fatigue-related ef5ect. For all motor units that were derecruited at a force less than the target value (50% of maximum) during the fatigue test, the derecruitment force increased over the course of the test. This observation is consistent with evidence from motor-unit studies in animals (Gordon et al., In press) and whole-muscle studies in humans (Cooper et al. 1988; Dawson et al. 1980 ) that have recorded a progressive decline in the rate of relaxation during a fatigue regimen. Because a decline in the rate of relaxation indicates an increase in the time course of relaxation, a unit would have to be derecruited earlier for its mechanical effect to be dissipated within the same time frame. Apparently, low-threshold motor units are "informed" of this necessity, as derecruitment forces increased during the fatigue test,
The second issue was addressed by comparing the behavior of individual motor units during the threshold task as it was performed before and after the fatigue test. The general observation was that the behavior of most motor units during the threshold task was affected by the fatigue test. These effects were variable, including the derecruitment of previously active units, the recruitment of additional units, and an increased variability of discharge. The post-fatigue test cessation of discharge by some units represented a substantial effect on recruitment order because these units failed to be recruited, even though the maximum capability of the muscle was significantly reduced after the fatigue test. Furthermore, there were additional motor units that were recruited after the fatigue test to complement the absence of activation of other motor units. These observations lead us to conclude that the fatigue test caused substantial changes in recruitment order and that this effect might be explained by two possibilities. First, among the low-threshold motor units of first dorsal interosseus, there may be some flexibility in the recruitment order that is influenced by the activation history of the motoneuron pool, including feedback-related effects from the periphery (cf. Bigland-Ritchie et al. 1986; Woods et al. 1987) . Second, despite the subjects' best efforts, the performance of the threshold task may not have been exactly the same before and after the fatigue test, and these differences may have been sufficient to cause some alterations in the recr uitm This ent order among the second possibility, di low-threshold units. fferences in the perfo rmance of the threshold task, might have been beta cient resolution in the mechani cal system use of orani determine which mu scles contributed to the by the index nnge r. It seems unlikely th at the 1 an insuffinability to force exerted ack o f resoluifferences in perforthe characteristics of the threshold not recruited the pre-and post-fatigue test performances of task were no different for the units that were than thev were for the units that were recruited (e.g., Figs. 8 w and 9). Similarly, considerable care was taken to constrain the task to the test muscle. Although we did not monitor one pe when exerted in the abduct i on direction and vice ever, th is did n ot seem to be a confoundi ng fa rformance force was versa. Howctor because, whereas first dorsal interosseus is the only muscle that contributes to the abduction force, it is one of several muscles that contributes to the flexion force, yet the same effects were observed when the threshold task was performed in both the abduction and flexion directions (Fig. 11) . Furthermore, Garnett and Stephens (198 1) reported that coactivation of antagonist muscles was minimal under similar conditions. For these reasons we tend to di scount the second possibi lity and fa vor the nterpretation that the variation in motor units recruited during the post-fatigue test performance of the threshold task reflects some degree of history-dependent flexibility in recruitment order among the low-threshold motor units of terms of relative forces (percent of this variability greater than that first dorsal interosseus. In of maximum), the extent in recruitment order found with pair-wise seems compa to be much risons of recruitment order during nonfatiguing conditions (Desmedt and Godaux 198 1; Thomas et al. 1986; Thomas et al. 1978) .
In addition to some variation in the motor units that were recruited during the threshold task after the fatigue test, the other most profound effect of the fatigue test was on the average value and the variability of the interimpulse interval. Most, but not all, motor units exhibited a decrease in the discharge rate and an increase in the variability of discharge. The post-fatigue test decline in motor-unit discharge during the threshold task is consistent with the fatigue-related decline reported by others ( 
